Abstract-This work deals with the suppression of parallel plate and cavity modes in shielded microstrip circuits operating at the lower microwave frequency range. The suppression is achieved by using a lid made of zigzag wires printed periodically on narrow slices of ungrounded circuit boards, located vertically side by side. This structure is very compact both in periodicity and height, it suppresses cavity modes over about an octave 2:1 bandwidth, and it does not interfere with the packaged microstrip circuit.
I. INTRODUCTION
T HE recently introduced gap waveguide technology [1] has opened for new applications of Artificial Magnetic Conductors (AMC) and other types of periodic surfaces in the area of packaging of microwave circuits. Previously, the authors have demonstrated how to use the bed of nails [2] for this purpose, suppressing cavity modes over a wide bandwidth [3] . There have also been presented other AMC-type structures that can be used for creating the stop band needed in gap waveguide applications [4] , such as mushroom surfaces [5] .
The bed of nails [2] has a thickness between 0.15 and and is therefore useful at high frequencies where the pin lengths are physically short. However, when scaling them to frequencies below 10 GHz, the structure becomes too bulky even for tilted versions of it [6] . Previously, we have proposed to transform the bed of nails to a bed of springs [7] to realize the stop band with a more compact periodic surface. However, the fabrication of springs and mounting of them side by side is not easy and can be expensive. The length of the wire used in each spring should be approximately in order to achieve the stopband function when many of them are located side by side.
In the present work we propose a printed zigzag version of a spring, and we test out how well it works for suppressing cavity modes when packaging a microstrip circuit example around 5 GHz. The structure is shown in Fig. 1 where all the design parameters are described. The periodic zigzag structure is printed on several slices of thin dielectric boards, and these boards are located vertically side by side to form the periodic surface as shown in Fig. 1(a) . The zigzags have electrical contacts with the bottom plate. We should also point out that the structure could be made of solid metal instead of printing it on a dielectric slab. However, for a moderate to low frequency range, the option of printing is more convenient from manufacturing point of view and does not add important losses. We should also mention that the literature even describes other wideband solutions for packaging, but they are mainly based on multilayer structures [8] , [9] that are parallel with the microstrip circuit board or they are narrower band solutions as [10] , [11] .
II. PARAMETRIC STUDY
First we determine the stopband of the parallel-plate modes by computing the dispersion diagram using a unit cell of the periodic grounded zigzag structure between parallel metal plates, as shown in Fig. 1(b) , by using the eigenmode solver of CST Microwave Studio. The zigzag wires are grounded to the lower metal plate, and there is a gap between the zigzag structure and the upper metal surface inside which the microstrip circuit to be packed shall be located. The upper plate is actually the ground plane of the microstrip circuit. From the computations, we can conclude that the proposed structure has the following intrinsic limits for the stop band: the lower cutoff frequency appears when the electrical length of the wires is approximately in free space, and the upper one appears when the spacing between the two metal plates is approximately effectively. However, we must in addition require that the total length of the wire is smaller than to achieve a stopband. This limit normally appears before the limit defined by smaller than .
1531-1309/$31.00 © 2013 IEEE There is an important difference when comparing the zigzag structure to the bed of nails: the size of the gap is hardly affecting the lower cutoff frequency of the stopband. The reason comes from the fact that there is almost no capacitive effect between the top of the zigzag wires and the upper plate, in contrast to the capacitive effect created by the larger flat top of the pins, which is critical and strongly contributes to decrease the lower limit of the stop band [4] . This is an advantage because we can increase the space between the top of the zigzag and the circuit board to be packaged without affecting too much the stop band. On the other hand, bandwidth cannot be increased by using these capacitive effects. educing the total length of the "wire" (i.e., reducing the diameter , reducing the number of arms or reducing the height ) moves the complete stop band up in frequency.
There are two periods in the structure: one between the neighboring zigzags printed on the same layer ( ), and the other between neighboring slabs ( ). These periods do not need to be identical. We have used sub-wavelengths periods in all the examples considered, and we could not observe any difference in the stopband. The main requirement is that the number of zigzags or their size must create a dense enough lattice with a period smaller than at all frequencies within the stop band.
III. PROTOTYPE DESIGN
We use the same simple microstrip circuit demonstrator as in [3] , i.e., microstrip line with two 90 bends. The targeted frequency range is from 3 to 6 GHz, and the microstrip circuit board has dimensions 55 mm 100 mm. The line width is 1 mm and it is printed on a dielectric material with relative permittivity and 0.5 mm thickness (providing a 50 line impedance). The line is not affected by the packaging as the cavity modes as discussed in [12] . The bends are known to cause radiation and excite cavity modes. However, at the frequencies we have selected and with the substrate thickness we have considered, the radiation will be almost negligible, and thus we expect to observe only weak excitation of cavity modes. In real circuits there may be many other causes for cavity mode excitations, such as non-linear amplifiers. Considering this, we have chosen the following parameters for the unit cell, a zigzag unit cell with a number of sections of and , , and . The dispersion diagrams in the two main directions, i.e., the one parallel to the slabs and the one perpendicular to it are shown in Fig. 2 . They have been computed including the substrate layer for the circuit located in between the gap and the upper plate according to Fig. 1(b) .
We have numerically computed the frequencies of the cavity modes by using the eigenmode solver of CST Microwave Studio for two cases; i) empty cavity with smooth metal lid and depth equal to and, ii) the same cavity with the dielectric slabs without the printed zigzag shaped wires. The results for the first 8 modes are presented in Table I . Some of these modes have resonated within the stop band of the structure and consequently leads to its suppression. 
IV. EXPERIMENTAL RESULTS
The manufactured zigzag lid is shown in Fig. 3(b) including the double-bent microstrip line to be packaged (fed by coaxial SMA connectors). The comparison is made with a smooth metal lid located at the same distance to the circuit as the plate to which the zigzag wires are soldered, i.e., (
). The -parameters are referred to the coaxial ports, so the imperfections of the coaxial to microstrip transitions are included in the presented results.
The experimental results are shown in Fig. 3(a) . As expected the cavity modes are not excited very strongly for this transmission line at this frequency, but nevertheless we can observe cavity mode resonances when carefully studying the results and some of these resonances coincide with the ones in Table I . We show a detailed comparison of the parameters for two different zigzag lids, with the only difference being the material used to print the zigzag: one is printed on lossy FR4 (Fiber glass with ), and the other on lowloss Duroid ( ). For both cases the cavity modes are clearly removed when compared to the smooth metal lid. This shows that the suppression of cavity modes is not related to dielectric losses but to the zigzag wire itself. The effect of the losses can be noticed in the level of the parameter, but it is very small. Before the starting of the stop band the zigzag lid has worse effect than the metal lid because it allows the excitation of more of the undesired modes, which is a common fact in all artificial stop band surfaces.
We have also measured the relative radiated power of the double-bent microstrip line i) without any lid (open case), ii) packaged with smooth metal lid, and iii) packaged with the two zigzag lids, and these are shown in Fig. 4 . The measurements were performed in a reverberation chamber [13] for all the circuits between 4.5 GHz and 6 GHz. The radiation loss is clearly very low for the two zigzag cases, compared to the open and smooth lid cases. The lids were held in position during measurements by using just four screws (one per edge).
V. CONCLUSION
A new type of periodic surface was proposed to be used for packaging of microstrip circuits below 10 GHz. The structure removed cavity modes and radiation as supported by the results. The stopband condition removed also radiation leakage from the small gap between the metal lid and the walls of the box. As a consequence, there is no need for many and tight screws around the rim of lid of the box that package the circuit board.
